Six overlapping viral RNAs are synthesized in cells infected with the avian coronavirus infectious bronchitis virus (IBV). These RNAs contain a 3'-coterminal nested sequence set and were assumed to be viral mRNAs. The seven major IBV virion proteins are all produced by processing of three polypeptides of ca. 23, 51, and 115 kilodaltons. These are the core polypeptides of the small membrane proteins, the nucleocapsid protein, and the 155-kilodalton precursor to the large membrane proteins GP90 and GP84, respectively. To determine which mRNAs specify these polypeptides, we isolated RNA from infected cells and translated it in a messenger-dependent rabbit reticulocyte lysate. Proteins of 23, 51, and 110 kilodaltons were produced. Two-dimensional tryptic peptide mapping demonstrated that these proteins were closely related to the major virion proteins. Fractionation of the RNA before cell-free translation permitted the correlation of messenger activities for synthesis of the proteins with the presence of specific mRNAs. We found that the smallest RNA, RNA A, directs the synthesis of P51, the nucleocapsid protein. RNA C, which contains the sequences of RNA A, directs the synthesis of the small membrane protein P23. RNA E directs the synthesis of the large virion glycoproteins. These results supported a model in which only the unique 5'-terminal domain of each IBV mRNA is active in translation and enabled us to localize genes for virion proteins on the IBV genome.
The coronavirus family was constituted on the basis of the unique morphology of the virion. These viruses attracted interest because the diversity of diseases which they cause makes them good model systems for the study of viral pathogenesis and tissue tropism (reviewed in reference 54) . Furthermore, recent studies on the molecular mechanisms of coronavirus replication have demonstrated that the multiplication cycle of coronaviruses differs from that of other animal viruses and is interesting in its own right (reviewed in references 35 and 48) .
Coronaviruses are enveloped viruses with exceptionally large continuous RNA genomes which are of positive (messenger) polarity. The genome of avian infectious bronchitis virus (IBV) has an estimated sequence complexity of between 20 and 24 kilobases (kb; 20, 22, 31, 53) . We have studied the lytic cycle of this virus to determine how the genetic information is organized and expressed. We describe here the localization of genes for virion proteins on the viral genome.
We have found that IBV-infected cells contain six major viral RNA species (41) . These consist of the genome, designated RNA F, and five subgenomic RNAs, designated A, B, C, D, and E in ascending order of size ( Table 1 ). All of these RNAs are likely to function as viral mRNAs, since they are single stranded and polyadenylated. The RNAs were mapped with respect to one another by RNase T, oligonucleotide fingerprinting. The results demonstrated that RNAs A, B, C, D, E, and F contain a 3'-coterminal nested sequence set (42) . The finding that murine and human coronaviruses specify a similar nested series of RNAs indicated that this transcriptional organization is a characteristic feature of coronaviruses (6, 14, 19, 38, 39, 56) .
The fact that coronavirus mRNAs overlap raised the question of how translationally active sequences are arranged within them. The simplest model is that each mRNA is translated over its entire length. If so, the length of the polypeptide product of a given RNA would be proportional to the size of that mRNA (Table 1) . Since there are six presumptive mRNAs but only three possible reading frames, complete translation of the viral RNAs would yield some proteins which necessarily have homologous regions. A second possibility is exemplified by the alphaviruses, which include Semliki Forest virus and Sindbis virus, in which overlapping mRNAs yield unique polypeptides. The single subgenomic alphavirus mRNA is identical in sequence to a 3'-terminal portion of the other viral mRNA, the viral genome (12, 57) . However, translation of the genome terminates at a site just upstream from the initiation codon that is active in the subgenomic mRNA (2, 25, 37) . We and others proposed that the coronavirus genes are expressed through a "'nonoverlapping" translation scheme that is analogous to translation of alphavirus mRNAs. In this model, only the "unique" 5'-terminal domain that is not contained within smaller mRNAs would be translated, for a terminator of protein synthesis would be present upstream from the translated region of the next smaller mRNA. Thus, the size of the region of each mRNA active in protein synthesis would be approximately equal to the difference in size between it and the next smaller mRNA (Table 1) . To test this hypothesis we determined which mRNA specifies each of the major virion proteins.
The major coronavirus virion proteins can be classified into three groups on the basis of size and location in the virion (4, 5, 7, 15, 21, 23, 28, 34, 46, 47, 51, 55 ; reviewed in references 35 and 48) . The first is the nucleocapsid protein, which in the case of IBV is a 51-kilodalton (kd) phosphoprotein. P51 does not undergo posttranslational proteolytic processing (44) . The second group is composed of the small, heterogeneous membrane proteins, the P23 family of IBV, and the El proteins of murine coronaviruses. The P23 family consists of P23, GP28, GP31, and GP36. These proteins all contain the same 23-kd core polypeptide and differ only in the number and type of asparagine-linked oligosaccharides that they contain (45) . These small coronavirus glycoproteins protrude slightly from the exterior of virions and evidently interact with the nucleocapsid and nucleate assembly of virions on the inner face of the viral membrane (49) . This suggests that they span the virion envelope. The third group of coronavirus proteins consists of the large glycoproteins GP84 and GP90 of IBV and E2 of mouse hepatitis virus (MHV). GP90 and GP84 of IBV are structurally unrelated and are produced by posttranslational cleavage of a cellassociated precursor, GP155, at ca. 30 min after synthesis (44) . GP90 and GP84 and the homologous E2 glycoproteins of murine coronaviruses comprise the distinctive large surface projections for which coronaviruses are named. These glycoproteins mediate binding of virions to the cell surface and perhaps cause cell fusion late in infection (9, 10) .
The seven major IBV virion proteins are thus produced by modification of only three different polypeptides, P23, P51, and the core polypeptide of GP155 (44) . Two viral genes, encoding P23 and P51, are monocistronic. However, the gene which encodes GP155 is functionally polycistronic, since this protein is processed to yield two mature proteins. No evidence has been obtained for the production of partly homologous virion polypeptides.
We used the method of cell-free translation to determine which mRNAs specify the major IBV virion proteins. The results enabled us to construct a partial map of the IBV genome. This map is discussed with respect to the organization of the genome of MHV, which is the best-characterized mammalian coronavirus.
MATERIALS AND METHODS
Virus and cells. The Beaudette strain (strain 42) of IBV was propagated in primary chicken embryo kidney (CEK) cells as described previously (40, 41 Fig. 2 was the same as that used for the cell-free translation of RNA C which was described previously (40) .
Isolation of RNA for cell-free translation. For the experiment depicted in Fig. 5 , RNA was isolated from cells by direct extraction of the monolayers with Triton N-101, and the extract was deproteinized with phenol-chloroform in the presence of sodium dodecyl sulfate (SDS; 24). In the experiments depicted in Fig. 2 and 4, cells were scraped into buffer and lysed with Triton N-101, and the nuclei were separated by centrifugation before deproteinization of the cytoplasmic extracts exactly as described before (40) . For all in vitro translation experiments, polyadenylated RNA was selected from cytoplasmic RNA preparations by chromatography on oligodeoxythymidylate cellulose as described previously (26, 40 5% 2-mercaptoethanol, 10% glycerol, 0.4% bromophenol blue), incubated at 100°C for 30 s, and analyzed on discontinuous 15% acrylamide-0.09% bisacrylamide as described previously (32) . All gels were 14 cm long and 1 mm thick.
VOL. 50, 1984 on July 2, 2017 by guest http://jvi.asm.org/ Downloaded from Two-dimensional tryptic peptide mapping. Proteins were eluted from preparative gels after homogenization of the excised gel slices (1) . Eluted proteins were precipitated with trichloroacetic acid, oxidized, and digested with tolylsulfonyl phenylalanyl chloromethyl ketone-trypsin (Worthington Diagnostics). Peptides were resolved on 0.1-mm thinlayer cellulose plates (E. M. Reagents) by electrophoresis at pH 4.7 in the first dimension and ascending chromatography in the second dimension (1) . The plates were prepared for fluorography (3) and exposed to preflashed film at -70°C. The experiment depicted in Fig. 1 revealed the existence of a seventh IBV-specific RNA species, designated RNA M, which hybridized to the cDNA probe. RNA M is intermediate in size between RNAs B and C (Table 1 ) and was sometimes observed as a minor band when viral RNAs were labeled biosynthetically with 32p; in the presence of actinomycin D (see, for example, reference 43, Fig. 1 , lane e). RNA M is likely to be a viral mRNA, but we cannot rule out the possibility that it was derived by nucleolytic cleavage of a larger viral RNA.
Coding assignments for IBV mRNAs. To identify the mRNAs which specify the three major virion polypeptides, polyadenylated RNA purified from infected cells was translated using the messenger-dependent rabbit reticulocyte lysate system (27) . IBV-specific translation products were identified by their sizes and by peptide mapping. It was then possible to assign mRNAs to these translation products by fractionation of the RNAs before cell-free translation.
RNA isolated from infected cells (Fig. 2 , lane I) yielded many of the same translation products as RNA from mockinfected cells (Fig. 2, lane M) . Two obvious exceptions were a protein that comigrated with virion P23 and a series of polypeptides, the smallest of which comigrated with P51. It was likely that these abundant translation products were related to P51 and the P23 family proteins, which are the predominant IBV-specified proteins synthesized in infected cells (44) . This conclusion was confirmed by two-dimensional tryptic peptide mapping. The translation product which comigrated with P51 (Fig. 3A) yielded a map similar to that of P51 produced in infected cells (Fig. 3C) . A map of a mixture of the peptides confirmed the relationship ( Fig. 3D ; the variability in migration of the arrowed peptide has been noted before [44] ). One of the IBV-specific proteins larger than P51 was also mapped (Fig. 3B) . This protein contained _D _-cb
Northern blot analysis of RNA from IBV-infected cells. RNA was isolated from IBV-infected cells, denatured, and fractionated by agarose gel electrophoresis. The RNA was transferred to nitrocellulose paper, and the filter was incubated with a radiolabeled restriction fragment of pIBV5. The autoradiograph was exposed for 6 days with an intensifying screen (16) . the same tryptic peptides as P51. Every band in this series was also analyzed by the partial proteolytic digestion method of Cleveland (data not shown). All of these proteins were related to P51, and the group was designated the P51 series.
The translation product that comigrated with P23 contained the same major tryptic peptide as GP31 purified from infected cells (Fig. 3E; compare with reference 44, Fig. 4D ). This result was confirmed by mapping a mixture of peptides from the in vitro translation product and GP31 isolated from infected cells (Fig. 3F) and by partial proteolytic mapping (40, Fig. 6 (1, 27) experiment (data not shown) supported the conclusion that RNAs A and C specify P51 and P23, respectively.
P110. Digestion of GP155, the precursor to GP90 and GP84, with endoglycosidase H removes most of the carbohydrate and yields a polypeptide of ca. 115 kd (45) . We suspected that GP155 was specified by RNA E, the only abundant RNA species which awaited examination. To test this, we purified RNA E by velocity sedimentation. RNA E was by far the most abundant RNA species in this preparation, but small amounts of other viral mRNAs were present as well (Fig. 5, lane a) . Translation of this RNA preparation J. VIROL. in vitro produced a 110-kd protein, proteins of the P51 series, and some P23 (Fig. 5, lane b) . More P51 was produced than P23. This was surprising, since the preparation contained at least as much RNA C as RNA A. One explanation could be that RNA A is more active than RNA C in vitro. Alternatively, P51 messenger activity may have been generated during translation by degradation of larger mRNAs.
To determine whether the 110-kd in vitro product, designated P110, was related to GP155, we compared maps of methionine-labeled tryptic peptides of these two proteins. The peptide maps of P110 (Fig. 6A) and GP155 (Fig. 6B) were nearly identical and demonstrated that these two proteins were closely related. We concluded that RNA E specifies GP155. DISCUSSION Primary translation products. Translation in vitro of RNA isolated from IBV-infected cells yielded the polypeptide moieties of the major virion proteins GP90, GP84, P51, GP36, GP31, GP28, and P23. P51 synthesized in vitro was heterogeneous in size. The smallest P51-related polypeptide comigrated with P51 from virions. This polymorphism of P51 produced in vitro could, in principle, result from multiple translational initiation or termination sites.
Indirect evidence suggests that members of the P23 family are transmembrane proteins. Membrane insertion of proteins is generally (but not always) accompanied by cleavage of a signal peptide by an endopeptidase situated on the lumenal side of the endoplasmic reticulum (30) . Since the rabbit reticulocyte lysate which we used for cell-free translation does not contain microsomal membranes, it has no signal peptidase activity and is incapable of glycosylating proteins on asparagine. If a signal peptide is cleaved from P23 as it is synthesized in vivo, then P23 synthesized in vitro in a lysate without added membranes should be larger, as it would retain the signal peptide. However, P23 synthesized in vitro, virion P23, and intracellular P23 all have exactly the same electrophoretic mobilities ( Fig. 2; 40, 44) . Thus, it is likely that P23 family proteins do not bear a signal peptide which is removed by signal peptidase.
IBV mRNAs which specify virion proteins. P51, P23, and P110 are specified by mRNAs A, C, and E, respectively. No specific translation products were detected from RNAs B and D. However, the data were not completely convincing because of three technical problems. The first problem was the difficulty in separating the small mRNAs from one another. The second problem was the potential generation of the messenger activities of the smaller RNAs by degradation of larger ones. Since all of the IBV mRNAs contain the sequences of RNA A, nucleolytic degradation could explain the production of some P51 by IBV mRNA preparations which contained little RNA A (Fig. 5) . A final problem was the high background of host mRNA activity (Fig. 2) (13) . Therefore, coding regions of genes for P51, P23, and P110 almost certainly begin at positions on the genome which correspond to the 5' ends of RNAs A, C, and E, respectively. It is clear from the sizes of the polypeptides specified by RNAs C and E that the entire coding potential of these mRNAs is not exploited ( Table 1 ). The sizes of the primary translation products are, however, compatible with translation of only the unique 5' end of each mRNA (Table 1) , and this model will be used as the basis for the discussion which follows. A scale drawing of the IBV genome is depicted in Fig. 7 . Genes encoding GP155 (P110), the P23 family proteins (P23), and P51 are indicated. The predicted sizes of the unidentified polypeptides which could arise by nonoverlapping translation are listed in Table 1 . The 5' boundaries of regions coding for these polypeptides correspond to the 5' ends of the mRNAs and are marked.
Comparison with the map of MHV. A map of the MHV genome, determined by others using an approach similar to that which we used for IBV (18, 29, 33, 36) , is depicted in the lower panel of Fig. 7 (40) and the nonstructural proteins. The portion of the IBV genome which is not contained within RNA E undoubtedly encodes nonstructural proteins. This 5'-terminal region is larger than the genome of most RNA viruses and has a coding potential of 500 kd. The finding that MHV mutants which are temperature-sensitive for viral RNA synthesis fall into six complementation groups suggests that as many as six independent viral functions may be involved in this process (17) .
The coronaviruses, alphaviruses, and tobamoviruses (8, 11) are all positive-stranded viruses which use the same general mechanism of viral gene expression. Each of these virus families employs two or more 3'-coterminal overlapping mRNAs. These subgenomic mRNAs are necessitated by the general inability of eucaryotic ribosomes to initiate translation at internal start codons (13) . The use of subgenomic mRNAs makes possible expression of these large viral genomes without the synthesis of correspondingly large primary translation products. An additional advantage to this arrangement is that it permits independent transcriptional regulation of different regions of the viral genome.
Although the general outlines of coronavirus replication are now discernible, our knowledge is still superficial. Further investigation of coronavirus multiplication will be aided enormously by the use of molecular clones of coronavirus sequences. pIBV5 includes sequences derived from 3.3 kb at the 3' end of the IBV genome. Represented among these sequences should be the genes encoding P51 and P23 and presumptive genes demarcated by RNAs B and M. These sequences will also include polymerase recognition sites for synthesis of RNAs synthesis. The use of these clones as a means of determining the nucleotide sequences of these regions, as primers for determining the sequence of the 5' leaders of the mRNAs, as hybridization reagents, and ultimately as substrates for genetic manipulation will lead to a much deeper understanding of coronavirus multiplication.
